We investigated the diversity of the Penicillium brevicompactum Dierckx group in dust from 54 houses in Wallaceburg, Ontario, Canada. Two taxa were predominant, P. brevicompactum and Pencillium bialowiezense Zaleski, accounting for 88.6% and 5.4% of the sample set, respectively. We further characterized multilocus haplotypes of isolates by characterizing three polymorphic genetic loci, b-tubulin (benA), histone 4 (his4A), and the internal transcribed spacer regions of ribosomal DNA (nucITS) amplified by PCR amplification and screened using heteroduplex mobility assay (HMA). Eight unique haplotypes were observed in P. brevicompactum s. str., and two in P. bialowiezense, both with a distribution characteristic of a predominantly clonal reproduction mode. Phylogenetic analysis of the b-tubulin and nucITS loci were carried out for members of the P. brevicompactum group, including ex-type material, that revealed three well-supported lineages corresponding to P. brevicompactum, P. bialowiezense (=Penicillium biourgeianum Zaleski), and Penicillium neocrassum R. Serra & S.W. Peterson. The mycophilic nature of many isolates of P. bialowiezense, and some isolates of P. brevicompactum, suggests that observation of members of the P. brevicompactum group in indoor environments may predict extensive and longterm fungal colonization. We also address some nomenclatural problems in the group and epitypify P. bialowiezense.
Introduction
Many moulds, notably in the genera Aspergillus, Penicillium, and Stachybotrys, grow in building interiors in the presence of superfluous moisture (Scott 2001; Flannigan and Miller 2001; Koster et al. 2003) . Certain of these fungi are primarily known from indoor materials: Stachybotrys chartarum (Ehrenb. ex Link) Hughes, for example, was originally described by Ehrenberg (1818) (as Stilbospora chartarum Ehrenb.) from mouldy household packing paper (the species epithet ''chartarum'' being derived from the Latin word for paper), and the genus Stachybotrys was later introduced by Corda (1837) , based on a specimen from the walls of a house. Other taxa, like most members of the genera Aspergillus and Penicillium, were originally described from foods or soil, and are largely known from those substrates. In general, relatively little is known about the ecology and biodiversity of indoor fungi, with most studies of these taxa having been based on isolates from food materials and soil.
Despite these knowledge gaps, many species known from food and soil habitats are important health-relevant indoor contaminants. Penicillium chrysogenum Thom, the most common indoor species of Penicillium, formerly thought to be relatively unimportant as an indoor contaminant (Dillon et al. 1996; Nielsen and Gravesen 1999) , can induce allergic inflammation and asthma in mouse models (Schwab et al. 2003 (Schwab et al. , 2004 Chung et al. 2005) , with pathophysiologic changes and biochemical features similar to those seen in human allergic asthma (Rochlitzer et al. 2006; Chung et al. 2007) . Although much of this work has relied on whole cells or antigen extracts, there is a suggestion that the mycotoxin fraction alone may in part be responsible for specific cytotoxic and inflammatory responses (Rand et al. 2005) . However, extrapolation of laboratory studies to realistic exposure scenarios remains difficult, because virtually all that is known about the mycotoxin profiles of many common indoor fungal taxa comes from studies of food and soil isolates, which may not accurately reflect their indoor biodiversity. As a case in point, de la Campa and co-workers (2007) recently examined a large set of phylogenetically diverse isolates of P. chrysogenum that were primarily of indoor origin (Scott et al. 2004) , and found remarkable variability in mycotoxin profiles not previously observed in studies of this species. A better understanding of the phylogenetic biodiversity of indoor isolates may facilitate comparative assessments of mycotoxin production, and thus provide a basis for well-defined toxicology studies with relevance to indoor environmental exposures (de la Campa et al. 2007 ).
The present study was intended, in part, to address the need for phylogenetic understanding of indoor isolates in the Penicillium brevicompactum Dierckx group. This objective was pursued through the investigation of a large set of indoor isolates compared with representative strains from a variety of substrates and geographic localities. The biodiversity of P. brevicompactum group isolates from indoor origin is unexplored. Furthermore, despite recent studies Peterson 2004; Serra and Peterson 2007) , the taxonomy of the group remains poorly understood, relative to other terverticillate penicillia. Also, the relation, if any, of phylogenetic subgroups to particular types of indoor habitats has not been investigated. In the present study we distinguished (i) urban from rural houses, and (ii) those with manifest mould growth on interior surfaces from those without, in an attempt to discern the influence of these factors on the composition of indoor fungal communities.
Materials and methods
Samples of floor dust were collected during the winter of 1993 from 369 houses in Wallaceburg, Ontario, Canada, a town with a municipal area of approximately 9 km 2 and an approximate population of 11 800 (Statistics Canada 1991). Fifty (13.6%) of the sampled houses were rural. Dust was collected from the entire main living area floor for 10 min using a Euroclean HEPA-filtered UZ 930 vacuum outfitted with DACI cotton filter collection thimbles (Johns Hopkins University Dermatology, Allergy, and Clinical Immunology, Baltimore, Md.). The collection thimbles were attached at the nozzle of the vacuum to avoid cross-contamination of samples, and vacuum attachments were decontaminated between homes. At the time of sample collection, the houses were also inspected for the presence of mould damage on indoor surfaces. Further details of the inspection method are given by Dales et al. (1997) .
Isolation and identification of strains
One-, 10-, and 1000-fold dilutions in 2% peptone broth were made from each of two 50 mg dust samples from the same home. Each dilution series was plated in duplicate on Rose Bengal agar (Malloch 1981) with and without 25% glycerol to favour the isolation of both mildly xerophilic and hydrophilic species, respectively (Scott 2001) , and plates were incubated for 14 d at room temperature. Species of Penicillium were grown on the diagnostic media described by Pitt (1980) and the modified formula of creatinesucrose agar medium (CSA) given by Frisvad (1993) . Identifications were made using the monographs of Pitt (1980) , and Frisvad and Samson (2004) . Each isolate obtained was assigned a unique strain number consisting of an arbitrary ''house number'' combined with an incremental accession number for each isolate of the group obtained from that house. Additional isolates including ex-type strains and geographically diverse voucher isolates were included in phylogenetic studies (Table 1) . Culture collection acronyms conform to the World Federation of Culture Collections on-line listing (wdcm.nig.ac.jp/hpcc.html), and herbarium acronyms conform to those given by the on-line listing of Index Herbariorum (sciweb.nybg.org/science2/ IndexHerbariorum.asp) (both databases were accessed 25 March 2008).
Air sampling was conducted at 18 outdoor locations distributed evenly throughout the study site during the late summer, using a standard RCS Sampler (Biotest, Dreieich, Germany) with Rose Bengal agar (Malloch 1981 ) and a sampling volume of 80 L per sample. Samples were incubated and analyzed as above.
DNA isolation and characterization
Fungal high molecular weight DNA was isolated and purified using the method of Scott et al. (2004) . Three polymorphic loci were investigated, consisting of partial regions spanning introns in the gene encoding b-tubulin (benA) (using primers Bt2a and Bt2b in Glass and Donaldson 1995) , partial histone 4 (using primers H41a and H41b in his4A) (Glass and Donaldson 1995) , and the region spanning the internal transcribed spacer regions of the nuclear ribosomal DNA genes (nucITS) (using primer ITS5 in White et al. 1990 , and primer WNL1 in Untereiner et al. 1995) . PCR and heteroduplexing conditions follow Scott et al. (2004) .
PCR templates were purified using a QIAquick PCR purification kit (QIAGEN, Inc., Valencia, Calif.) and sequenced using a Taq DyeDeoxy cycle sequencing kit (Applied Biosystems, Inc. (ABI), Foster City, Calif.), using the same primers employed for amplification. Extension products were run on an ABI50 fluorescent automated sequencer.
Phylogenetic analysis
Alignment of the sequences was performed using ClustalX version 1.82 (Thompson et al. 1997 ) and adjusted by visual inspection. Phylogenetic relationships were inferred from aligned sequences using the maximum parsimony (MP) method in PAUP* version 4.0b10 (Swofford 2002) . All searches were performed using tree bisection-reconstruction (TBR) branch swapping with MulTrees and steepest descent options activated. Penicillium olsonii Bainier & Sartory CBS 232.60 and Penicillium astrolabium R. Serra & S.W. Peterson NRRL 35611 were used as outgroups. Bootstrap support (BS) for branches was evaluated from 1000 full heuristic searches. Congruence between the benA and ITS datasets was measured based on 1000 heuristic searches employing the partition-homogeneity test (Farris et al. 1995) included in PAUP*.
Results
Isolates of the P. brevicompactum group were recovered from 54 of 369 houses (15%). Forty-seven of these houses (92%) were located within town limits, and 6 (8%) were rural (i.e., outside the town limits). Seventy-two isolates were retained for further study. Three quarters of these were from urban locations; the remainder were from rural locations. Fourteen percent of isolates represented the Penicillium bialowiezense Zaleski clade (see Fig. 1 ). Although only 8% of the houses sampled were rural, these houses contributed over two thirds of P. bialowiezense isolates recovered. Members of the P. brevicompactum group were not observed in the 18 outdoor air samples taken throughout the study site. The levels of P. brevicompactum from dust ranged from approximately 100-44 000 CFUÁg -1 , with a geometric mean of 1696 CFUÁg -1 originating from 49 houses ( Table 2 ). For P. bialowiezense, the dust concentration ranged from approximately 500-19 000 CFUÁg -1 , with a geometric mean of 3591 CFUÁg -1 originating from seven houses ( Table 2) . We did not observe a correlation between the levels of either taxon with the mouldiness condition of the house as determined by visual inspection by a field investigator.
Haplotype characterization
The haplotypes are summarized in Table 3 . The lowest degree of allelic variation was observed in the histone 4 locus (2 alleles, correlating to P. brevicompactum s. str. and P. bialowiezense), whereas the highest variation (6 alleles) was seen in the b-tubulin locus. For P. brevicompactum s. str., the two most commonly observed haplotypes accounted for 66% and 19% of isolates. The remaining 15% of isolates comprised six minor haplotypes. Two haplotypes were observed for P. bialowiezense, accounting for 90% and 10% of isolates. No isolates of Penicillium neocrassum R. Serra & S.W. Peterson were recovered.
Mixed populations of two or more haplotypes were observed in two thirds of houses where multiple isolates of the P. brevicompactum group were obtained, suggesting the stable coexistence of multiple haplotypes within individual houses.
Phylogenetic analysis
DNA sequences were obtained for representatives of each allele for the benA and ITS loci. Difficulties were encountered in obtaining unambiguous sequence for the his4A locus in house dust isolates and voucher strains. Further attempts to resolve these difficulties were not made owing to the low allelic variation in this locus, and it was excluded from sequence analyses.
MP analysis of the combined dataset (benA 442 bp, ITS 509 bp) for 38 taxa yielded seven most parsimonious trees (MPTs). Results of 10 000 heuristic searches implementing the partition-homogeneity test (P = 0.45) demonstrated that sequences from the two different loci were not incongruent.
Penicillium bialowiezense and P. neocrassum comprised strongly supported clades (100% and 99% BS, respectively) in the combined ITS-partial b-tubulin tree (Fig. 1) . A moderate amount of clade substructure was observed in P. bialowiezense. One well-supported subclade (96% BS) within this lineage contained strains predominantly isolated from fungal fruit bodies. The types of P. bialowiezense (CBS 227.28 ) and its later synonym Penicillium biourgeianum Zaleski (CBS 116044) were situated in this group. Several strains in this subclade originated from house dust, but the houses from which these strains were obtained were predominantly rural. A second, less supported subclade (79% BS) contained a mix of isolates from mycophilic habitats and plant materials, including lumber.
The clade comprising strains of P. brevicompactum s. str. contained two sister subclades. The first of these subclades (65% BS) contained some substructure. One well-supported group (97% BS) included four strains that represented a single haplotype we observed in 21% of newly-analyzed indoor isolates (SCCM 10-A6, SCCM 10-H7, SCCM 10-C2, and SCCM 10-I3), and a sequence from a voucher strain from paprika (NRRL 2012), but no clearly mycophilic (fungal associated) strains (Fig. 1) . A second, weakly supported group (57% BS) contained 71% of the indoor dust isolates originating from this study. Although substrate affinities in this group tended to be predominantly from indoor materials, two isolates from mushroom fruiting bodies, both from the USA (Penicillium stoloniferum Thom DAOM 193713 T and P. brevicompactum DAOM 193712 T) , were also clustered here. The placement of a representative isolate of three newly analyzed indoor strains (SCCM 10-B8) and a single patently mycophilic isolate (NRRL 28139) remained unresolved. The second subclade in P. brevicompactum (78% BS) contained 2% of indoor isolates (SCCM 10-I6 and a voucher isolate from urea formaldehyde foam insulation from Canada, DAOM 192262). No isolates from obviously fungal substrates strains were observed in this clade.
Discussion
The array of isolates obtained in the present study shed considerable light on the infraspecific genetic structure of P. brevicompactum and P. bialowiezense. The combined ITS -b-tubulin tree of Serra and Peterson (2007) . Of all the isolates of P. brevicompactum and P. bialowiezense that were newly analysed in the present study, only two novel P. brevicompactum haplotypes were observed that were supported by more than one isolate (see DAOM 192262 and SCCM 10-A6, Fig. 1) . No novel haplotypes supported by multiple isolates were observed for P. bialowiezense. Since the habitats and geography covered by the present study and the Peterson (2004) studies encompass a wide range of temperate and indoor, as well as some tropical habitats, it would appear that the basic population structure of P. brevicompactum and P. bialowiezense, at least in temperate areas, is well on the way to being mapped in terms of its common, major clades. The isolates studied here elevated the bootstrap value attributable to one P. brevicompactum subclade containing isolate NRRL 2012 (from paprika), to 97%. It is not clear what, if anything, should be done to attribute taxonomic status to such well genetically marked, but otherwise (as yet) undistinguished subclades; at the moment, it seems sufficient to note them and thus anchor a search for habitat regularities and stable phenetic characters differing from those found in other subclades.
The present study, in its inclusion of diverse Canadian reference isolates not included in previous studies, has also strongly reinforced the impression that most or all of the subclades of P. brevicompactum and P. bialowiezense share at least a partial association with mycophily and (or) mycoparasitism. Unambiguous mycophilic isolates, recovered from reproductive structures or mycelium of both basidiomycetous and ascomycetous fungi, occur in nearly every subclade of P. brevicompactum and P. bialowiezense (Fig. 1) . Even though P. brevicompactum is stated by Frisvad and Samson (2004) and other references to be regularly isolated from food spoilage including spoiled fruit juices and other definitely nonfungal materials, a surprising proportion of reference isolates included in collections appears to be from fungal or potentially fungal habitats, as with P. bialowiezense. Of the P. brevicompactum isolates of known origin, other than house dust, considered in the present study, 50% (3 of 6) are from fungal substrates, while in P. bialowiezense half the isolates of known origin (5 of 10) are confirmed mycophiles. It is unlikely that selective collecting is involved, since the mycophilic isolates included are from widely separated sampling times and geographic localities, and diverse fungal substrata, going back to 1910. Many of the isolates of P. brevicompactum and P. bialowiezense we examined that were not overtly derived from fungal substrata may still be suspected of mycophily. For example, there were numerous isolates from lumber and related woody substrates. As Seifert (1983) and others have noted, fungi common on wood tend to be divided into ecologically competent wood degraders (e.g., Dacrymyces spp. in the Seifert (1983) study), and co-occurring mycophiles and mycoparasites (e.g., Tremella spp.) that historically were routinely misinterpreted as additional wood degraders. Mycophily must always be suspected of isolates reported from woody materials, unless isolation techniques or other circumstances specifically exclude this possibility.
Penicillium species are among the most common microfungi on well-decomposed wood (Crawford et al. 1990 ), although they are not known to be aggressive agents of wood decay (Seifert and Frisvad 2000) . Penicillium brevicompactum is able to degrade cellulose in vitro (Domsch et al. 1980 ) and has been recorded from soft rot of timber (Seehan et al. 1975 ). As such, the principal ecological role of these fungi on woody materials may well be mycophily. Forest soil is another substrate not connoting mycophily to the inexperienced interpreter, but well known to fungal ecologists as being a rich habitat for mycophilic organisms. Figure 1 contains P. bialowiezense isolates from soils of forests consisting of ectomycorrhizal trees such as pine; these soils tend to be heavily and conspicuously invested with mycelia of mycorrhizal and mycorrhizosphere fungi (Ogawa 1977; Summerbell 2005) . The clade containing the ex-type isolates of P. bialowiezense and P. biourgeianum from Polish forest soils also contains a Danish isolate from a mushroom fruiting body.
Like soil, house dust has a deceptively complex ecology. The recovery of fungi from house dust by dilution plating does not itself demonstrate that the dry indoor dust sampled is a bona fide habitat for the parent mycelium. While this can certainly be true for some highly osmophilic fungi, in many cases house dust serves as a reservoir where colonyforming elements formed elsewhere deposit and, over time, accumulate. Over the longer term, species of Aspergillus and Penicillium may appear to become predominant through comparatively long cell viability (Sussman 1968) Buttner et al. 2002) . Penicillium brevicompactum s. l. has frequently been reported from house-dust isolations (Mallea et al. 1982; Miller et al. 1988; Hoekstra et al. 1994; Verhoeff et al. 1994; Horner et al. 2004) . Because this species is known to degrade fine cellulose fibres (Marsh et al. 1949) , house dust and other cellulose-rich indoor materials may represent legitimate primary habitats for it under suitable moisture conditions. Indeed, numerous indoor sites supporting fungal growth have yielded P. brevicompactum, including: broadloom (Beguin and Nolard 1999) , painted plaster walls (Mallea et al. 1982) , gypsum wallboard paper (Scott et al. 2000; Scott 2001 ), potted plants (Summerbell et al. 1992) , and urea formaldehyde foam insulation (Bissett 1987) . However, like soil and decaying wood, indoor materials subject to superfluous moisture support fungal communities that are predominantly polymycotic. As indoor fungal communities emerge and mature, generally over a period of several weeks to a few months, depending on moisture conditions, they also become host to organisms dependent on previous fungal growth: the bulk of existing data relate to fungivorous arthropods (van Bronswijk 1981: 148, 176) . The suitability of house dust fungi for arthropod feeding is variable. It was noted by van de Lustgraff (1978) that the growth of P. brevicompactum in the rearing medium of the dust mite Dermatophagoides pteronyssinus somewhat negatively affected the development of the mite. Moreover, P. olsonii and other penicillia have been noted both as food sources for fungivorous mites and as post mortem colonists of the mites themselves (Scott 2001) . These observations collectively imply a complex but poorly known suite of trophic relationships between fungi and arthropods in house dust. Mycophilic fungi have been reported commonly from indoor environments, including mycoparasitic species of Acremonium, Clonostachys, Sporothrix, Trichoderma, and Verticillium (Ostrowski 1999; Scott 2001) . Based on mycophilic tendency of members of the P. brevicompactum group, the presence of these taxa in houses should be investigated as a possible indicator of extensive and longterm fungal colonization. Besides potentially broadening our understanding of the ecology of members of the P. brevicompactum group, our study also has permitted a close examination of some members of a group of penicillia which have seldom been subject to discussion in the taxonomic literature. Some relevant observations are summarized below. Thom (1930: 304 ) received Zaleski's type culture of P. bialowiezense from the Centraalbureau voor Schimmelcultures (CBS), Baarn, which he accessioned as ' 'Thom 5010.4''. Peterson (2004) listed NRRL 863 as derived from Thom 5010.4, implying that the former represented the extype culture of P. bialowiezense in the NRRL collection. He also correctly noted that Pitt (1980: 373-374 ) mistakenly listed NRRL 863 as a subculture of 'Biourge 42', the extype of P. brevicompactum, although Raper and Thom (1949: 410) appear to have initiated it. This error was perpetuated most recently by Samson et al. (2004: 177) . Pitt (1980: 375) correctly indicated that Thom 5010.4 was equivalent to CBS 227.28; therefore, CBS 227.28 and NRRL 863 should represent equivalent isolates. However, Peterson's (2004) sequence of partial nucITS-LSU referred NRRL 863 instead to the phylogenetically distant Penicillium polonicum Zaleski, and on that basis, he proposed P. bialowiezense as a later synonym of P. polonicum (these taxa were described on pp 450 and 445, respectively, of Zaleski's (1927) monograph). Conversely, our nucITS and b-tubulin sequences, as well as those of Frisvad and Samson (2004) derived from the CBS version of the ex-type of P. bialowiezense, CBS 227.28, clustered this isolate within the P. brevicompactum group, identical in sequence to the ex-type strain of P. biourgeianum (CBS 116044), over which it has nomenclatural priority. Frisvad and Samson (2004) made several typographical errors in their discussion of this matter, incorrectly citing the ex-type culture of P. bialowiezense as ' 'CBS 227.38'', rather than CBS 227.28 (2004: 14, 15) , and referring to the protologue for this taxon as ' 'Zaleski 1927 : 462'', rather than Zaleski 1927 : 450 (2004 
Penicillium bialowiezense

Penicillium biourgeianum
Thom received Zaleski's type strain of P. biourgeianum in July 1928 from CBS, and he accessioned it as ' 'Thom 5010.5'' (Thom 1930 ). Thom initially accepted P. biourgeianum (Thom 1930) , but later reduced it to synonymy with Penicillium stoloniferum Thom (Raper and Thom 1949) . The direct parent strain was lost from the CBS collection; however, the strain remains in the ARS collection as NRRL 865. Frisvad deposited a subculture of NRRL 865 to the CBS collection as CBS 116044. Although the CBS database acknowledges equivalency of this isolate with NRRL 865 and Thom 5010.5, the collection data fails to note that it is an ex-type strain of P. biourgeianum [CBS database accessed online, 25 March 2008] . Frisvad and Samson (2004) noted that P. biourgeianum and P. bialowiezense were conspecific, but provided no data to support this, and failed to include the type strain of P. biourgeianum in their phylogenetic study of Penicillium subgenus Penicillium sect. Coronata. Based on our sequence data, this isolate is conspecific with the ex-type strain of P. bialowiezense, CBS 227.28, and the name P. bialowiezense has priority over P. biourgeianum.
Penicillium brevicompactum
Penicillium brevicompactum, originally, although inadequately described by Dierckx (1901) , was included in Biourge's (1923) monograph, and later neotypified by Pitt (1980) with a specimen derived ultimately from isolate ''Biourge 42''. The robust conidiophores, characteristic apically swollen metulae, and aspergilloid habit of this taxon has long been regarded as highly distinctive, and the species has been recognized conventionally since Thom (1930) . It is one of the few species of Penicillium that is generally considered to be easily recognizable. The possibility of multiple embedded lineages within P. brevicompactum was noted by Seifert and Frisvad (2000) . In their study on Penicillium species on solid wood products, these authors reported two discrete micromorphologies for isolates of P. brevicompactum, in which certain isolates exhibited predominantly biverticillate branching and strongly apically inflated metulae in fresh cultures, while others showed a more characteristic terverticillate penicillus morphology (Seifert and Frisvad 2000) . While the former group tended to converge on the more typical morphology after several serial transfers, the authors suggested that the initially biverticillate variants may represent a distinct taxon. We have examined the complete set of P. brevicompactum group isolates deposited by Seifert and Frisvad (2000) in DAOM in conjunction with their study. Although tentative, our results suggest that P. brevicompactum may comprise three distinct lineages that likely correspond to phylogenetic species in the sense of Taylor et al. (2000) . However, comparison of Seifert and Frisvad's (2000) observations against our phylogeny is impossible because their morphological observations were not referenced to individual strains, and the distinctions they saw are no longer clear. With a larger DNA sequence data set and a more systematic search for stable phenetic traits, formal recognition of these lineages as segregate species may be justifiable. Thom (1910) described P. stoloniferum from a decaying mushroom in Connecticut. This species was reduced to synonymy with P. brevicompactum by Thom (1930) , but was later included in the P. brevicompactum series by Raper and Thom (1949) . This series included P. brevicompactum, P. stoloniferum, and Penicillium paxilli Bainier. Pitt (1980) suggested that isolates of P. stoloniferum and P. brevicompactum showed a continuum of variation, and he once again reduced P. stoloniferum to synonymy with P. brevicompactum. This synonymy is supported by the present study.
Penicillium stoloniferum
